Introduction
Histoplasma capsulatum is a dimorphic fungal pathogen that parasitizes macrophages (M φ ) [1] . Disturbance of H. capsulatum residing in soil in endemic areas leads to the inhalation of airborne conidia and hyphal fragments. These elements then convert into the pathogenic yeast phase in the host lung. Exposure to H. capsulatum is nearly universal in the Ohio and Mississippi River valleys, with up to 90% of individuals exhibiting a positive skin test for histoplasmin [2] . H. capsulatum usually causes a minor Second, under iron limiting conditions, H. capsulatum yeasts produce three different iron-reducing activities, i.e., a reduced glutathione-dependent enzymatic reductase, low molecular weight non-enzymatic reductants, and a cell surface reducing activity [10, 11] . These ferric reductases reduce free ferric iron, transferrin bound iron, and iron bound to multiple types of siderophores. Most important, the ability of the GSH-dependent ferric reductase to reduce the ferric iron from a substrate correlates with the ability of the compounds to enhance H. capsulatum growth in low iron media.
A third iron acquisition system, also found in S. cerevisiae , utilizes a complex of a multi-copper oxidase (FET3) and a ferric permease (FTR1) for high affi nity transport of ferric iron [12, 13] . A BLAST search of the G186AR H. capsulatum genome reveals sequence homologies of 61% for FTR1 and 65% for FET3 . However, the genome of H. capsulatum G217B interestingly does not contain either FTR1 or FET3 . In confi rmation, we detected both FTR1 and FET3 message in G186AR by PCR, but despite using several different primers, these messages were not detected in G217B (J Hilty, AG Smulian, and SL Newman, unpublished observations).
The intracellular replication of H. capsulatum yeasts in M φ is limited by the availability of iron. The iron chelators deferoxamine and VUF 8514 inhibit the growth of H. capsulatum in human M φ in an iron-dependent manner [14] . In addition, co-culture of H. capsulatum -infected M φ with the weak base chloroquine induces M φ fungicidal activity, and this activity is reversed by the addition of iron-nitrilotriacetate (FeNTA) [15] . Iron restriction also is important in the host immune response to H. capsulatum . Thus, activation of mouse M φ with IFN γ stimulates the production of NO that restricts iron availability, and, therefore, the intracellular replication of H. capsulatum yeasts [16, 17] .
In the present study, we disrupted the expression of the SID1 gene that codes for L-ornithine-N 5 -monooxygenase, in H. capsulatum strains G217B and G186AR using RNAi silencing and gene knockout strategies, respectively. The disrupted strains were unable to produce siderophores and grow on apotransferrin supplemented media. In addition, evidence is presented that SID1 expression plays an important role in survival in M φ , and in virulence in a murine model of pulmonary histoplasmosis.
Materials and methods

Reagents
Apotransferrin, nitriloacetate (NTA), and ferric chloride were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cefotaxime, hygromycin, HAMS F12, and RPMI 1640 were purchased from Fisher Scientifi c (Hampton, NH, USA). FeNTA and its control, NTA, were prepared fresh for each experiment as described previously [15] . NTA was prepared in distilled water and mixed 1:1 with ferric chloride in 1 N HCl to generate FeNTA. The pH of the solution was adjusted to 7.0 with 1 N NaOH.
Yeasts
H. capsulatum strains (Table 1) were maintained as previously described [18] . For experiments, yeasts were grown in Histoplasma M φ medium (HMM) [19] at 37 ° C with orbital shaking at 150 rpm. After 48 h, yeast were harvested by centrifugation, washed three times with Hank ' s Balanced Salt Solution (HBSS), and resuspended to 30 ml in HBSS. Large clumps of yeasts were removed by centrifugation at 200 g for 7 min at 4 ° C. The top 5 ml was removed, and the suspension was standardized to 1 ϫ 10 5 / ml in RPMI 1640 containing 5% heat-inactivated FCS and 10 μ g/ml of gentamicin.
Human and murine M φ
Human mononuclear cells were purifi ed from blood obtained from the Hoxworth Blood Center, Cincinnati OH, USA, by dextran sedimentation and Ficoll-Hypaque (LKB Biotechnology Inc., Piscataway, NJ, USA) centrifugation as previously described [20] . The mononuclear cells were washed in HBSS and suspended to 4 ϫ 10 6 /ml in HBSS H. capsulatum SID1 -silenced strains were constructed in a G217B-derived strain (UC7) using the hairpin-loop silencing telomeric plasmid developed by Rappleye et al . [22] . A 490 bp fragment of the SID1 coding region was amplifi ed by PCR and cloned into the pCR83 construct in forward and reverse directions using the respective primers: sense primer SID1F5 ' with an AscI site: ATTG-GCGCGCCGTCGACATGATATAATTTGCGTTGG; and the antisense primer SID1F3 ′ with an XhoI site: ATTCTC-GAGCGATGATGTGATTAGC; and with the sense primer SID1R5 ' with an SpeI site: ATTACTAGTTCCGGAATGA-TATAATTTGCGTTGG, and the antisense primer SID1R3 ′ with an AgeI site: ATTACCGGTCCACGATGATGTGATT; to give pCR83 SID1 (Fig. 1A) . PacI digested pCR83 SID1 was transformed into UC7 and spread onto HMM plates for uracil selection to generate UC7 SID1 silenced.
Restoration of SID1 by plasmid loss
RNAi silencing of the SID1 gene is dependent on the maintenance of the extra-chromosomal silencing construct. UC7 SID1 -silenced yeasts were passed multiple times on HMM plates supplemented with 100 μ g/ml uracil and uracil auxotrophs were isolated. The yeasts were tested for siderophore secretion using the Atkin ' s assay [23] and then transformed with pCR83 to restore uracil expression (UC7 containing 0.1% autologous serum. One-tenth ml aliquots of cells were plated in 96-well tissue culture plates, and the monocytes were allowed to adhere for 1 h at 37 ° C in 5% CO 2 . Adherent monocytes were washed twice with HBSS to remove lymphocytes, and then were cultured for seven days in M199 containing 10% autologous serum and 10 μ g/ml of gentamicin to allow for differentiation into M φ . Mouse peritoneal M φ (PM) were harvested from 6-to 10-week old C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA) by peritoneal lavage. Ten ml of HBSS was injected into the peritoneal cavity of euthanized mice with an 18-ga needle, and the peritoneal fl uid was withdrawn. Cells were standardized to 1 ϫ 10 6 /ml in RPMI 1640 containing 10% FCS and 10 μ g/ml gentamicin, and 0.1-ml volumes of cells were added to wells in 96-well plates and cultured for 24 h before use.
Quantitation of the intracellular growth of H. capsulatum yeasts in M φ
The intracellular replication of H. capsulatum yeasts in M φ was quantifi ed by 3 H-leucine incorporation as previously described [21] . Culture media was removed from M φ monolayers and 100 μ l of H. capsulatum yeasts (1 ϫ 10 5 /ml) in RPMI 1640 containing 5% fetal calf serum (FCS ) and 10 μ g/ml gentamicin were added to each well. The yeasts and M φ then were cultured for 24 h at 37 ° C.
The plates then were centrifuged at 2000 rpm, the supernatant was carefully aspirated through a 27-ga needle, and 50 μ l of 3 H-leucine (153 Ci/mmol; New England Nuclear, Boston, MA, USA) in sterile water (1.0 μ Ci) and 5 μ l of 10X yeast nitrogen broth (Difco Laboratories, Detroit, MI, USA) was added to each well. The plates then were incubated for an additional 24 h at 37 ° C. Finally, 50 μ l of L-leucine (10 mg/ml) and 50 μ l of sodium hypochlorite were added to each well, and the contents of the wells were harvested onto glass fi ber fi lters using an automated harvester (Skatron, Sterling, VA, USA). The fi lters were placed into scintillation vials, 1 ml of scintillation fl uid was added, Fig. 1 Disruption of SID1 in UC7 (G217B) and UC8 (G186AR) (A) Schematic of the pCR83 plasmid used to silence the SID1 gene in the UC7 strain.
(B) RT-PCR analysis of SID1 (lanes 2 to 4) and GPD (lanes 5 to 7) expression of UC8 WT (lanes 2 and5), UC8 Δ SID1 (lanes 3 and 6), and UC8 SID1 restored (Lanes 4 and 7) were performed after 48 h growth in HMM media.
SID1 restored). For M φ and animal experiments, UC7
transformed with pCR83 to restore uracil prototrophy was used as the WT strain (UC7 WT).
RT-PCR and quantitative real time RT-PCR
H. capsulatum yeasts were grown in HMM media for 48 h and RNA was extracted from a pellet of 1 ϫ 10 8 yeasts using the Master Pure Yeast RNA purifi cation system (Epicentre, Madison, WI, USA). cDNA was made from 1 μ g of RNA using random hexamer primers with the Superscript First Strand for RT-PCR system (Invitrogen, Carlsbad, CA, USA). The cDNA was amplifi ed by PCR using the SID1 primers rt SID1 S, GACAGCCCATTTGT-CAAT and rt SID1 A, ACCATAGTTGGTTGCTTTG; and the GPD primers rt GPDS , ATTGGGCGTATTGTCTTCC, and rt GPDA , TTGAGCATGTAGGCAGCATA. The PCR products were analyzed by gel electrophoresis on a 2% agarose gel. For quantitative RT-PCR, H. capsulatum yeasts were grown in HMM media supplemented with 5 μ M of apotransferrin for 24 h and RNA and cDNA were prepared as previously described. The isolated RNA was diluted 1:20 and GPD and SID1 transcripts were amplifi ed using the previously mentioned RT-PCR primers with the Platinum SYBR Green qPCR SuperMix UDG (Invitrogen, Carlsbad, CA, USA) and run on an ABI 7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA). The data were calculated using the comparative C t method with the housekeeping gene GPD encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as the standard. The RT-PCR primers were designed to amplify only spliced mRNA transcripts and did not amplify any products from genomic DNA (data not shown). The effi ciency of the system was 97.4% so the Δ Ct method was used to calculate the amount of silencing. Silencing of SID1 was 93.6% based on a 15.45-fold ( n ϭ 3) decrease in expression compared to WT G217B yeasts. The Δ Ct was 3.95 Ϯ 0.72 (mean Ϯ SD).
Intranasal infection of mice
To produce infection in mice, 6-to 8-week old male C57BL/6 mice were anesthetized with isofl uorane and infected intranasally with 2 ϫ 10 6 (sublethal) or 2 ϫ 10 7 (lethal) yeasts in a 50-μ l volume of HBSS [24] . Animals given a sublethal inoculum were sacrifi ced on day 7 and lungs and spleens were homogenized in HBSS, serially diluted and 100 μ l inoculated onto HMM supplemented with gentamicin. Plates were incubated at 37 ° C in a humidifi ed incubator, for 7 -10 days before quantifying colony forming units (cfu) per organ. Differences in fungal burden in organs were analyzed by using the Wilcoxon rank sum test. Animals receiving a lethal dose of H. capsulatum were monitored twice daily. Mice with ruffl ed fur, labored breathing, and inactivity were euthanized. Differences in survival were analyzed by the log-rank test. Results were considered signifi cant at P Ͻ 0.05.
Results
Disruption of siderophore expression in H. capsulatum
Isolating gene targeted knockouts in the G217B strain of H. capsulatum is extremely diffi cult as this strain has an extremely low frequency of homologous recombination [25] . Therefore, we used RNA interference (RNAi) to silence the expression of the SID1 gene in the G217B-derived strain (UC7) of H. capsulatum using hairpin-loop RNAi on an URA5 plasmid [22] . The silencing of SID1 in the UC7 SID1 -silenced strain was confi rmed by quantitative RT-PCR using GPD as the endogenous marker and fold change calculated by the Δ Ct method as described in Methods . The level of silencing achieved was 93.6%. In the G186AR-derived strain (UC8) of H. capsulatum , a SID1 gene-deletion mutant was generated by homologous recombination using positive selection for hygromycin resistance and negative selection with 5-FOA (see Supplementary Methods and Supplementary Fig. 1 for details, available online). The loss of the expression of the SID1 gene in the UC8 Δ SID1 strain was confi rmed by RT-PCR (Fig. 1B) .
To determine if SID1 expression is required for the growth of yeasts in normal iron rich media, the growth of UC7 SID1 -silenced H. capsulatum was quantifi ed by incubating the yeasts at 37 ° C in HMM media with orbital shaking. The data in Fig. 2 show that the growth rate of the SID1 mutant was similar to WT yeasts in HMM. Similar results were obtained with UC8 Δ sid1 ( Supplementary  Fig. 2, available online) .
We next sought to confi rm that disruption of the SID1 gene abolished siderophore biosynthesis. H. capsulatum yeasts were grown to mid-log phase in HMM, washed once with HBSS, and then resuspended to 5 ϫ 10 7 /ml in 50 ml RPMI containing 2 μ M apo-transferrin. The cultures then were incubated at 37 ° C with orbital shaking at 150 rpm for seven days. One-half ml of culture supernatant then was tested for hydroxamate siderophores in the Atkin ' s assay [23] . Uninoculated media was used as the blank. The results shown in Fig. 3 demonstrate that the UC7 SID1 -silenced mutant did not make siderophores. In contrast, the UC7 SID1 restored strain produced the same quantity of siderophores as the parental UC7 WT strain. Similar results were obtained with the UC8 Δ sid1 mutant ( Supplementary  Fig. 3 , available online).
Growth of H. capsulatum strains on iron limited media
Hydroxamate siderophores secreted by H. capsulatum can scavenge iron from transferrin in vitro [11] . Furthermore, Aspergillus species require siderophore synthesis to grow on blood agar media and for virulence, suggesting that siderophore biosynthesis is required for some fungal pathogens to acquire iron from host proteins [26, 27] . In addition, C. albicans growth in human serum is stimulated by the addition of xeno siderophores [28].
To determine if the H. capsulatum UC7 SID1 -silenced yeasts could grow on iron limited media, we streaked out each strain on HMM plates (unbound iron) and HMM/ apotf plates (bound iron) and incubated the plates for seven days at 37 ° C. The UC7 WT and UC7 SID1 restored strains grew equally well on HMM medium and HMM/apotf medium (Fig. 4) . In contrast, UC7 SID1 -silenced yeasts were unable to grow on HMM/apotf, but grew similarly to the WT strain on iron rich HMM medium (Fig. 4) . Similar results were obtained with WT UC8 and UC8 Δ sid1 strains ( Supplementary Fig. 4, available online) .
Next, we sought to determine if WT H. capsulatum could complement the growth of the siderophore defi cient strains on the HMM/apotf medium. The UC7 SID1 -silenced yeasts were spread onto HMM/apotf medium, and then the UC7 WT, UC7 SID1 -silenced, or the restored strain were inoculated into the center of the plates. As shown in Fig. 5 , the WT strain or the restored strain secreted elements into the medium (presumably siderophores) that restored the growth of the silenced mutant. Similar results were obtained with WT UC8 and UC8 Δ sid1 strains (Supplementary Fig. 5 , available online). That siderophores are suffi cient to support the growth of the UC8 Δ SID1 strain on HMM/apotf medium is demonstrated by growth in the presence of rhodotorulic acid ( Supplementary Fig. 5 ).
Intracellular growth of WT and mutants in mouse and human M φ
To determine if siderophores are required for the intracellular growth of H. capsulatum in M φ , monolayers of human and murine M φ were infected with WT and mutant yeasts.
The cultures then were incubated at 37 ° C for 48 h, and the intracellular replication of yeasts was quantifi ed as described in Materials and methods . The intracellular growth of UC7 SID1 -silenced yeasts was inhibited by 77% and 76%, in human M φ and murine PM, respectively, compared to UC7 WT yeasts (Fig. 6 ). The addition of FeNTA at 1 h post-infection restored the growth of UC7 SID1 -silenced yeasts to the level of WT yeasts. Similar results were obtained with the UC8 Δ sid1 mutant except that intracellular growth was inhibited only by about 50% (Supplementary Fig. 6 , available online).
Virulence of SID1 mutant yeasts in a murine model of histoplasmosis
To determine the pathogenicity of UC7 SID1 -silenced yeasts in a murine model of histoplasmosis, mice were intranasally infected with a sublethal inoculum of UC7 WT and UC7 SID1 -silenced yeasts. Mice were sacrifi ced one week post-infection, and the organism burden in the lungs and spleen was quantifi ed. The data in Fig. 7 demonstrate Fig. 2 S ID1 is not required for growth in iron rich media. Growth curve of UC7 WT and the UC7 SID1 -silenced strain in HMM media. Yeasts were inoculated into the media at 1 ϫ 10 5 /ml and cultured at 37 ° C with orbital shaking at 150 rpm and the culture turbidities of 0.5 ml aliquots were measured at OD 600 . Fig. 3 SID1 expression is required for siderophore biosynthesis by the UC7 (G217B) strain of H. capsulatum . UC7 WT, UC7 SID1 -silenced and UC7 SID1 -restored strains were grown to mid-log phase in HMM, washed once with HBSS, and then resuspended to 5 ϫ 10 7 /ml in 50 ml RPMI (without phenolphthalein) supplemented with 18 g/l of dextrose and 2 μ M of apotransferrin. The cultures then were incubated at 37 ° C with orbital shaking at 150 rpm for seven days. One-half ml of supernatant then was tested for hydroxamate siderophore synthesis using the colorimetric Atkin ' s Assay with the spectrophotometer set at OD 480 . The data are the mean Ϯ SEM of three experiments. * P Ͻ 0.001 compared to WT and restored strains. that one week after infection, the fungal burden of UC7 SID1 -silenced yeasts was signifi cantly reduced in both the lungs and spleen compared to UC7 WT yeasts. Similar results were obtained with the UC8 Δ sid1 mutant, except that the reduction of the fungal burden in the lung was not statistically signifi cant ( Supplementary Fig. 7 , available online).
In a second set of experiments, a lethal inoculum of UC7 WT yeasts caused all of the mice to die by day 8. In contrast, mice infected with UC7 SID1 -silenced yeasts demonstrated delayed morbidity and mortality with 40% of the mice surviving out to 20 days (Fig. 8) . This latter experiment could not be performed with the UC8 Δ SID1 mutant because the kinase activity of the hygromycin resistance gene, hph , used in mutant selection causes a normally sublethal inoculum of yeasts to kill the mice after about 10 days [29] , and these experiments required the use of a lethal inoculum of yeasts.
Discussion
Iron acquisition has long been recognized to be essential to the virulence of most microbial pathogens [5] . To counteract this requirement, the host undergoes a hypoferremic response to infection, in which iron is sequestered in M φ in the reticuloendothelial system [30] . Ironically, while this host response is helpful against extracellular pathogens, it is selfdefeating with regard to intracellular pathogens of M φ .
Considerable experimental evidence demonstrates that the intracellular growth of H. capsulatum yeasts in M φ is particularly sensitive to the intracellular iron concentration. For example, the presence of small molecule iron chelators such as deferoxamine and VUF 8514 lead to inhibition of the intracellular replication of yeasts in both murine [16] and human [14] M φ .
A prominent source of iron for intracellular pathogens of M φ is ferric iron bound to transferrin. At neutral pH two molecules of ferric iron are tightly bound to transferrin, and ferric iron is released from transferrin with decreasing pH [31] . The pH of H. capsulatum yeast-containing phagosomes in human and murine M φ is 6. 5 [32,33] , the pH at which iron-transferrin is half-saturated [31] . Presumably, this pH is critical to the yeasts ' survival, as it provides free iron for metabolism and growth. Indeed, when human M φ infected with H. capsulatum yeasts are co-cultured with the weak base chloroquine to raise intraphagosomal pH, the yeasts are not able to obtain iron, and subsequently are killed. Furthermore, giving chloroquine to mice infected with H. capsulatum yeasts reduces cfu in the liver and spleen, and chloroquine even is able to protect mice from a normally lethal inoculum of yeasts [15] . Finally, part of the mechanism by which IFN γ -activated murine PM mediate growth inhibition against H. capsulatum yeasts is through the restriction of iron [16] . Although, the iron uptake systems of many bacterial pathogens are well defi ned and are being aggressively explored as targets for antimicrobial agents [34] , the iron uptake systems of fungal pathogens, and their requirement for virulence are just beginning to be probed. For example, the extracellular fungal pathogen Aspergillus fumigatus requires siderophore synthesis for growth on blood agar and virulence in a mouse model of aspergillosis [26, 27] . Candida albicans does not secrete siderophores, but expresses siderophore receptors, and is able to utilize siderophores produced from other microorganisms [28] . Although the high affi nity iron capture system FET3/FTR1 is required for the virulence of C. albicans [35] , the Candida siderophore receptor SIT1/ARN1 is required specifi cally for epithelial invasion [36] . Ferric reductase activity is required for high affi nity iron uptake by S accharomyces cerevisiae [37] .
Initial evidence supporting a role for siderophores in iron capture by H. capsulatum yeasts is that SID1 transcripts are upregulated upon exposure to NO [38] , under low iron conditions [39] (J Hilty, AG Smulian, and SL Newman, unpublished observations) , and upon phagocytosis by human M φ (J Hilty, AG Smulian, and SL Fig. 5 WT yeasts complement UC7 SID1 -silenced yeasts. 1 ϫ 10 6 UC7 SID1 -silenced yeasts in 100 μ l HBSS were spread onto HMM plates supplemented with 5 μ M apotransferrin, and then 10 μ l of 1 ϫ 10 8 /ml UC7 WT, UC7 SID1 -silenced, or UC7 SID1 -restored yeasts were spotted onto the plate and incubated at 37 ° C for seven days.
Fig. 6
Exogenous iron restores the growth of UC7 SID1 -silenced yeasts in human and mouse M φ . M φ were infected with 1 ϫ 10 4 yeasts and co-cultured for 48 h at 37 ° C. FeNTA at 75 μ g/ml was added as indicated after 1 h uptake by M φ . The data presented are the mean Ϯ SEM of four experiments performed in triplicate with both human and murine M φ . Human M φ , * P Ͻ 0.001 compared to UC7 WT yeasts; Mouse Mφ , * P ϭ 0.029 compared to UC7 WT yeasts.
Newman, unpublished observations). Further, H. capsulatum secretes hydroxamate siderophores when the concentration of free iron ranges from 0.3 -1 μ M, but is completely inhibited in 10 μ M iron [9] . The concentration of iron in the endosomes of epithelial cells has been measured at 1 μ M [40] , but the concentration of iron in the H. capsulatum phagosome is unknown. The data presented herein confi rm the studies of Hwang et al . [39] that utilized H. capsulatum strain G186AR and murine bone marrow-derived M φ , and extend them to include H. capsulatum strain G217B, and primary murine and human M φ . The two studies also used different quantitative techniques.
In the present study, we demonstrated that a UC7 SID1 -silenced mutant was unable to grow on iron poor medium, and its intracellular growth in M φ was inhibited by 76%. As similar results were obtained with the UC8 Δ sid1 mutant, both the silenced G217B strain and the KO G186AR strain exhibit essentially similar phenotypes, even though there is a quantitative difference between the mutants in their growth in M φ .
We hypothesize that the greater inhibition in intracellular growth observed with the UC7 SID1 -silenced strain compared to the UC8 Δ SID1 yeasts is because the UC8 (G186AR) parent strain also contains the FET3/FTR1 pathway, which could compensate for the loss of siderophore production. In contrast, the UC7 (G217B) strain does not contain the FET3/FTR1 pathway. A double knockout in the UC8 strain will be required to test this hypothesis.
The fact that replication of the UC7 SID1 -silenced strain was not inhibited completely may be for several reasons. First, silencing of SID1 was 93.6%. Therefore, enough siderophores might have been produced to sustain a low level of intracellular growth. Second, the pH of the H. capsulatum -containing phagosome is 6.5, leading to a situation in which iron transferrin is half saturated [31] . Thus, when some free iron is available other iron capture systems may come into play. Supporting this hypothesis is the fact that the UC8 Δ SID1 strain and the UC7 SID1 -silenced strain were able to grow on HMM/apotf plates made at pH 6.5, but were not able to grow on HMM/apotf plates made at pH 7.5 (data not shown). To more completely address this issue will require a knockout of the SID1 gene in G217B.
We tested the intracellular growth of the UC7 SID1 -silenced mutant (and the UC8 Δ SID1 mutant) in both human and mouse M φ because of the numerous differences in the response of mouse and human M φ upon ingestion of H. capsulatum yeasts (reviewed in [1]). However, in these studies the only difference observed was the known difference in intracellular generation time, which was refl ected in the cpm. Thus, WT yeasts in murine PM (10-h intracellular generation time) [41] incorporated about twice the amount of 3 H-leucine as WT yeasts in human M φ (20-h intracellular generation time) [42] .
In a murine model of pulmonary histoplasmosis, the organism burden in both the lungs and spleens of mice infected with the UC7 SID1 -silenced strain was significantly reduced compared to the UC7 WT strain, and mice infected with a lethal inoculum of UC7 SID1 -silenced yeasts demonstrated reduced morbidity and mortality. Overall, these data further support the idea that SID1 expression is required for optimum virulence by H. capsulatum yeasts. Final resolution of some remaining issues will require the preparation of a UC8 SID1/FET3 double Fig. 7 SID1 is required for effi cient replication in mouse lungs and spleen. Six male C57/BL6 mice per group were intranasally infected with 2 ϫ 10 6 UC7 WT or UC7 SID1 -silenced yeasts, and cfu in the lungs and spleen were quantifi ed seven days post-infection. The experiments were performed twice and the data from the twelve mice in each group were combined. The data show the mean Ϯ SD. * P Ͻ 0.001 compared to WT yeasts. knockout, and a UC7 SID1 knockout, and these ventures are ongoing in our laboratory.
